SUMMARY High affinity binding sites of angiotensin II (A II)
Identification of an Angiotensin Receptor in Rabbit Renomedullary Interstitial Cells in Tissue Culture
Correlation with Prostaglandin Biosynthesis ANGIOTENSIN II (A II), the principal effector hormone of the renin-angiotensin system, is a potent constrictor of vascular smooth muscle (Johnson and Davis, 1973) , stimulates the release of aldosterone from the adrenal cortex (Ganong et al., 1962) , and facilitates sympathetic neurotransmission (Ferrario et al., 1972) . Angiotensin II also stimulates the release of vasodilatory prostaglandins from several tissues, including the kidney (Frolich et al., 1962) . Intrarenal infusions of angiotensin II induce the release of prostaglandin E2 into the renal venous effluent (McGiff et al., 1970) ; blockade of prostaglandin synthesis by inhibitors such as indomethacin or melcofenamate potentiates the renal vasoconstriction induced by angiotensin (Aiken and Vane, 1973) . A major site of prostaglandin synthesis in the kidney is the renomedullary interstitial cell; in vitro studies have demonstrated that angiotensin II directly stimulates the biosynthesis of prostaglandins by renomedullary cells maintained in tissue culture (Zusman and Keiser, 1977) .
Evidence suggests that angiotensin II exerts its action on target tissues such as the renomedullary cell by binding to a high affinity receptor in the plasma membrane (Catt and Dufau, 1977) . Direct binding studies have identified high affinity binding sites for the hormone in the adrenal cortex (Glossman et al., 1974) , brain (Bennett and Synedec, 1976) , kidney (Beaufils et al., 1976) , aortic smooth muscle (Devynck et al., 1973) , liver (Lafontaine et al., 1979) , and mononuclear cells (Shimada and Yayaki, 1978) . However, identification of these binding sites as hormone receptors requires correlation of binding kinetics with activation of target cell responses. Douglas et al. used collagenase-dispersed adrenal glomerulosa cells and correlated angiotensin binding site kinetics with the cell's biological response: release of aldosterone (Douglas et al., 1976) . We sought to study the angiotensin receptor in an intact preparation of cells with an easily quantifiable biological response to angiotensin and report here the characterization of an angiotensin binding site in cultured rabbit renomedullary interstitial cells and correlation of binding with prostaglandin biosynthesis. The renomedullary cells provide a homogeneous cell population that can be cultured in large quantities for studies of the angiotensin receptor and hormonal regulation of prostaglandin biosynthesis.
maintained in 75-cm 2 plastic flasks (Costar, Data Packaging Corp.) in RPMI-1640 medium supplemented with 25 mM 7V-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) buffer, 15% fetal calf serum, penicillin (2.5 mg/ml), and streptomycin (2.5 mg/ml) (Microbiological Associates). Cultures were incubated at 37°C in a 95% air-5% CO 2 atmosphere, and the tissue culture medium was changed every 48-72 hours. For experimental studies involving 125 I-angiotensin II binding or dose-response curves, trypsin-dispersed cells (0.05%, Microbiological Associates) were subcultured in replicate with Costar Cluster 24 24-cup plates (Costar, Data Packaging Corp.). Tissue culture medium was changed at 24-to 48-hour intervals.
I-Angiotensin II-Binding Studies
Binding studies were performed 5 days after trypsin dispersion and subculture in 24-cup plates at a time the cells were densely confluent. The renomedullary cells were incubated in 0.2 ml of a buffered solution (sodium chloride, 120 mM; Tris-HC1, 20 mM; dithiothreitol, 5 mM; phenylmethylsulfonylfluoride, 0.1 mM; and Q.2% serum albumin) with 125 I-labeled angiotensin II at 22°C. After a given time, the cells were rapidly washed with three 1-ml rinses of ice-cold saline to remove unbound labeled hormone and then reincubated with 0.2 ml of 0.1 N NaOH for 1 hour at 37°C. The cells were scraped from the bottom of the wells and cell-bound reactivity determined in an automatic y spectrometer with a counting efficiency of 50% for 125 I (Packard Instruments). Cellular protein was determined by the method of Lowry at al. (1951) with bovine serum albumin as a standard. Specific binding of 125 I-angiotensin II to the cells was defined as the difference between total cellular uptake of the labeled peptide and nonspecific binding occurring in the presence of 1 JUM nonlabeled angiotensin II.
Binding kinetics were also studied in a renomedullary cell particulate fraction (Bennett and Synedec, 1976) . Renomedullary cells, grown in 75-cm 2 flasks, were scraped with a rubber policeman and homogenized by 10 strokes with a loose pestle. After centrifugation at 100,000 g for 20 minutes, the pellet was suspended in assay buffer and 0.1-ml aliquots (containing 0.1 mg protein) were dispersed into glass tubes (12 X 75 cm). Assay buffer (0.1 ml) containing 0.1 nM I25 I-angiotensin II was added and, after incubation at 22 °C for a measured interval, tissue-bound radioactivity was separated by rapid filtration on glass fiber filters (Whatman GFC, Scientific Products,) previously washed with assay buffer. The incubation tubes and filters were washed copiously with ice-cold saline, and radioactivity contained in the filter was determined in an automated y spectrometer.
Chromatography of 125 I-Angiotensin II in the Assay Incubation Media
To assess the degree of degradation of 125 I-angiotensin II by the renomedullary cells during binding studies, assay buffer containing 125 I-angiotensin II and the angiotensinase inhibitors, dithiothreitol and phenylmethylsulfonylfluoride, was incubated with the monolayer culture of renomedullary cells for 0, 30, or 60 minutes at 22 °C, aspirated, and chromatographed on cellulose sheets (Eastman Kodak) using butanol-1: acetic acid:water solvent (4:1:2) as described (Bennett and Synedec, 1976) . After developing, the cellulose was scraped from the plates in 0.5-cm strips and counted by y spectrometry.
Stimulation of Prostaglandin Biosynthesis by Angiotensin II and Related Peptides
The test substance was dissolved in RPMI-1640 media supplemented with 25 mM Hepes buffer and incubated with the cells for 1 hour at 37°C in a 95% air-5% CO 2 atmosphere. The test solution was then aspirated and assayed for prostaglandin content by radioimmunoassay (Hong and Levine, 1976) . Briefly, the unknown samples and samples containing known quantities of authentic prostaglandin E 2 were incubated with tracer quantities of tritium labeled PGE2 (New England Nuclear Corporation) and the anti-PGE 2 antibody (kindly provided by Dr. Lawrence Levine, Brandeis University) for 60 minutes at 37°C. Goat anti-rabbit y globulin was added to the assay medium, and the mixture was incubated at 4°C for 18 hours. The immunoprecipitate was isolated by centrifugation and washed 3 times with a Tris (20 mM)-NaCl (100 mM)-gelatin (1%) buffer, pH > 4. The immunoprecipitate was dissolved in 1% sodium dodecyl sulfate and radioactivity determined using standard scintillationcounting techniques. Cellular protein per cup was measured as described above.
Materials

125
I-Angiotensin II (New England Nuclear Corp.) with specific activities of 1000-1700 Ci/mmol was dissolved in water with 1% albumin; 0.5-ml aliquots of a 2-nM solution were quick frozen in acetone/dry ice and stored at -4°C. Nonlabeled synthetic angiotensin II (Chemalog Dynamics Corp.) was similarly dissolved and frozen. The angiotensinase inhibitors, dithiothreitol and phenylmethylsulfonylfluoride, were added to the assay buffer for binding studies. Binding of the labeled angiotensin II to the interstitial cells was maximal at pH 7.4, at which all subsequent binding VOL. 46, No. 6, JUNE 1980 studies were performed (Fig. 1) . Total binding of 125 I-angiotensin II to the monolayer preparation of cultured renomedullary cells averaged 1000-1200 counts/min; non-specific binding (defined in Methods) comprised 30% of measured total binding. Because previous studies have described degradation of the radiolabeled peptide during incubation of the hormone with cell or membrane preparations (Glossman et al., 1974; Bennett and Synedec, 1976) , the assay media containing 125 I-angiotensin II and the proteolytic inhibitors, dithiothreitol and phenylmethylsulfonylfluoride, was chromatographed after exposure to the renomedullary cells (Fig. 2) . After incubation for 60 minutes, there was little detectable angiotensin II degradation; 80-90% of the radioactivity in the assay media co-chromatographed with fresh 125 I-angiotensin II. The time course of binding to a particulate preparation of interstitial cells is shown in Figure 3 (n = 2). Specific binding reached an apparent steady state at about 20 minutes at 22 °C; this binding was reversible, as shown by the rapid decrease in bound radioactivity after the addition of 1 /ZM unlabeled hormone. Although the time course of binding to the monolayer preparations of intact cells was similar to that observed with the particulate preparation, the dissociation of bound radioactivity after the addition of excess unlabeled hormone was less rapid or complete (Fig. 4) (n = 3) .
The 125 I-angiotensin binding site was saturable, as shown in experiments in which increasing concentrations of the hormone were incubated with intact cells for 30 minutes at 22°C (Fig. 5) (n = 9) . A Scatchard plot of the saturation data (Fig. 6) was linear, indicating a single binding site with a dissociation constant of approximately 3.1 nM.
The specificity of binding then was investigated by determining the binding inhibition activities of a series of angiotensin II analogues (Fig 7) (n = 3) . The 125 I-angiotensin II was displaced from the binding sites by unlabeled angiotensin II in concentrations ranging from 100 pM to 100 nM. 
I-angiotensin II (arrow). Each point is a mean of triplicate determinations.
giotensin II, displayed similar binding inhibition activity. The 3-8 hexapeptide was several orders of magnitude less active, whereas the 1-7 heptapeptide, differing from angiotensin II only by the absence of the carboxyterminal phenylalanine residue, had no binding inhibition activity in the range of concentrations tested.
Stimulation of Prostaglandin Biosynthesis by Angiotensin II and Selected Analogues
Stimulation of prostaglandin biosynthesis by angiotensin II was determined in renomedullary cell subcultures 5 days after trypsin dispersion, at a time when the cells were confluent and basal prostaglandin production near maximal (Zusman and Reiser, 1977) . The antiserum used in the prostaglandin radioimmunoassay was specific for prostaglandins of the E series (Pong and Levine, 1977) ; Zusman and Reiser have previously shown prostaglandin E 2 to be the major prostaglandin produced by these cells in culture (Zusman and Reiser, 1977) . Angiotensin II, in nanomolar concentrations, stimulated prostaglandin biosynthesis by the renomedullary cells in tissue culture as previously de- scribed ( Fig. 8) (n = 3) . Angiotensin III was a less potent stimulator of prostaglandin biosynthesis than the parent octapeptide. Neither saralasin, an angiotensin II antagonist in other test systems (Douglas et al., 1976) , nor the 1-7 heptapeptide, in concentrations up to 10 /J,M, stimulated in vitro renomedullary cell prostaglandin biosynthesis.
Discussion
Binding of 125 I-angiotensin II to cultured rabbit renomedullary interstitial cells was rapid, saturable, specific, and of high affinity. Degradation of the labeled peptide during binding studies was minimized by the addition of the proteolytic enzyme inhibitors, dithiothreitol and phenylmethylsulfonylfluoride. Specific 125 I-angiotensin II binding to a particulate preparation of the renomedullary cells was rapidly and completely reversed by the addition of excess unlabeled hormone. Complete dissociation of bound radioactivity was not observed, however, using monolayer preparations of intact cells; approximately 60% of specifically bound radioactivity remained cell-bound after 30-minute incubation with excess unlabeled hormone at 22°C. Neither earlier addition of unlabeled angiotensin II (after 10-minute incubation of 125 I-angiotensin II with the cell monolayer, before binding had reached an apparent steady state) nor dilution of the labeled hormone increased the degree of dissociation. This incomplete reversibility of 125 I-angiotensin II binding to intact renomedullary cells may reflect partial metabolism, internalization of the labeled hormone, or other phenomena unique to intact cell preparations and has been observed in the binding of radioiodinated angiotensin II to collagenase-dispersed bovine adrenal cortex cells (Glossman et al., 1974) .
The observed affinity of the renomedullary cell binding sites (KD = 3.1 nM) is similar to that of adrenal cell (2 nM) (Glossman et al., 1974) and aortic tissue angiotensin receptors (12 nM) (Devynck et al., 1973) . As discussed by Glossman et al. (1974) , the experimental binding affinities are lower than predicted [plasma concentrations of angiotensin II are in the picomolar range (Swales and Thurston, 1973) ] but may be due to local generation of angiotensin II in target tissues. The kidney has been shown to contain the necessary enzyme and substrate components of the renin-angiotensin system for local production of angiotensin II (Swales and Thurston, 1973) . Thus, the experimental binding affinity of the renomedullary cell may reflect increased in vivo medullary concentrations of the hormone. Alternatively, receptor degradation during tissue culture may explain the relatively low measured binding site affinity. Similar results were obtained in studies of insulin binding to cultured human fibroblasts (Hollenberg and Cuatrecasas, 1975) , where, despite relatively low binding affinity (KD = 10" 9 M), simultaneous measurements of insulin binding and action were closely correlated.
The specificity of angiotensin binding to the renomedullary cells was characterized by the relative binding inhibition activities of selected angiotensin II analogues. Importantly, the 1-7 heptapeptide, which is inactive in vascular smooth muscle and the adrenal gland (Devynck and Meyer, 1978) , failed to inhibit Angiotensin directly stimulated renomedullary interstitial cell prostaglandin biosynthesis in tissue culture. The concentration of angiotensin II that resulted in half maximal stimulation of prostaglandin biosynthesis (6.5 nM) was similar to the concentration of angiotensin II that resulted in half maximal occupancy of binding sites (3.1 nM) (Fig. 8) , further suggesting functional importance of the renomedullary cell angiotensin binding sites, [desAsp'JAngiotensin II, or angiotensin III, was a less potent stimulator of prostaglandin biosynthesis, whereas neither [Sar'.Ala^angiotensin II nor 1-7 heptapeptide increased basal prostaglandin synthesis. Similar results have been obtained using the isolated Krebs' perfused rabbit kidney (Blumberg et al., 1977) , in which angiotensin II was a more potent stimulus for prostaglandin E release into the renal venous effluent chan angiotensin III. This contrasts with the adrenal gland in which angiotensin III is equipotent with angiotensin II as an inhibitor of labeled angiotensin binding and stimulant for aldosterone biosynthesis . These results support the hypothesis that angiotensin receptors may differ in renomedullary interstitial cells and the adrenal cortex.
The results of this study lead us to conclude that the renomedullary interstitial cell in tissue culture may provide a useful model for examining the angiotensin receptor. Angiotensin II-stimulated prostaglandin E 2 biosynthesis parallels occupancy of specific binding sites in the renomedullary cells; the binding inhibition activities of several angiotensin II analogues relate to their physiological potency in other in vitro preparations, as well as correlating with concentrations effecting half maximal prostaglandin E 2 release from the renomedullary cells. This link between a binding site and an effector function provides a means for studying the mechanism by which angiotensin binding site occupancy is translated into a change in cellular metabolism. The homogeneous cell line of rabbit renomedullary interstitial cells, which can be cultured in large quantities, also may prove useful in receptor isolation studies.
